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RESEARCH MEMORANDUM

CRITICALITY SURVEY OF HYDROXIDES AS COOLANT MODERATORS FOR
ATRCRAFT NUCLEAR REACTORS

By Donald Bogart and Leonard Soffer

SUMMARY

Vaerious hydroxides have been screened for use In nuclear reactors
as possible coolant moderators for operatlon at temperatures of about
1500° F. Hydroxides which appear stable at a pressure of sbout 1 atmos-
phere ere those of sodium, potassium, rubidium, lithium, barium, and
strontium (NeOH, KOH, RbOH, LiCH, Ba(OH)s, and Sr(OH);, respectively).

Reflected reactors in which these hydroxides were used have been
compared on the basls of enriched ursnium investments in order to indi-
cate order of merit. Criticallty requirements have been calculated by
two-group methods with no allowance for fuel burnup, reactor poisoning,
or control requlirements.

Minimum core investments of 7 to 13 pounds of enriched uranium are
indicated for reflected square cylindrical cores of diameters 1.2 to
1.7 feet moderated, respectively, by Sr(OH)2, Ba(OH)2, NaOH, and RbOH;
investments for each of these homogeneous reactors for core diemeters
of 2.0 to 2.5 feet are in the range from 14 to 22 pounds. Minimum
investments for reflected resctors with NaOH-KOH eutectic or LiCH with
98 percent of 118 removed are sbout 30 pounds; Investments for reflected
reactors with KOH or LiOH with 90 percent of Li6 removed are in excess
of 115 pounds. Total uranium investments for these hamogeneous reactors
are, of course, dependent on extermal circulating volumes and excess
reactivity requirements.

For reactors moderated by NaOH, RbOH, Ba(OH),, and Sr(OH), and
containing the equivalent of 8 percent by volume of iron to represent
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solid fuel elements, coree of dismeter 2.0 to 2.5 feet reflected by .
0.5 foot of moderator are estimeted to require investments of 25 to
35 pounds.

Results are also presented of experimental determinations of the
density of liquid NaOH and RbOH for temperatures up to 1700° F. These
deta, essentiel to a criticellty analysis of reasonable accuracy, are
previcusly unreported.

For hydrogenous reactors contalning msterials for which there are
gaps 1in cross-sectlon data or for which data are completely lacking in
the fast energy reglon, 1t is necessary to devise methods for approxi-
mating two-group constants. Semiempirical methods for quickly estimat-
ing two-group constants are presented.

2802

INTRCDUCTICN

Liquild hydroxides haeve long offered many advantages for use as
coolant moderators in reactors with solid fuel elements and as coolant-
moderator-fuel cerriers in homogeneocus reactors.

Hydroxides sre particularly adeptable for sircreft nuclear propul-
slon systems because of small reactor sizes resulting from the superior
neutron slowlng-down properties of hydroxides and the simplified core
construction that is possible with avoldance of & separate moderator.

Furthermore, low vepor pressures of hydroxides avoid relatively
low-operating-temperature limitations due to bolling, and the small
varliation of denslty throughout the temperature range anticipated in
alrcraft cycle operations 1s sufficient to Insure a negative tempera-
ture cocefficient of resctivity (see ref. 1).

However, the severe corrosive action of hydroxides on the high-
temperature meterials availsble for fuel elements and the solubility
limits of uranium salts meske the practical application of hydroxides
very difficult.

It 1s the purpose of this report to cobtain an indication of the
sultablility of various hydroxides as coolant moderstors with respect
to eriticality requirements of reactor size and enriched urenium
investment. Such a comparison would serve as a gulde In determining
which hydroxides merited further study with regerd to corrosion inhi-
bition. The criterion of uranium investment is employed as a basis
from which to Judge relative suitgbility of the wvarious hydroxides -
without consideration of fuel burnup, reactor polsonlng, or control
requirements.
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A survey of potential hydroxides was made to screen those which
appeared suiteble for use in a reactor st temperstures of about 1500° F.
The hydroxides of lithium, sodium, potassium, rubidium, megnesium, cal-
cium, strontium, barium, aluminum, and zirconium were considered; dats
for these hydroxides are shown in taeble I. Nuclear date for solid
hydroxides at room temperature were taken from reference 2 and melting
and boiling points, wherever avaeilable, were taken from reference 3.

Listed values of macroscopic neutron sbsorption cross section for
each hydroxide relative to WaOH indicate that removel of a lasrge frac-
tion of the 7.4 percent sbundant Li6 isotope can bring LiOH into the
neutron absorptive range of the other hydroxides.

The question of hydroxide stability at temperatures of interest
to the power reactor is an gll-important considerstion. Therefore,
also listed in teble I are the vapor and dissociation pressures, or
both, to be expected at a temperature of 1500° F. These data were taken
from references 3 and 4; the values for Mg(OH)5, AL(OH)z, and Zr(OH),

were estimated from dissocistion data at 1 atmosphere.

In order for eriticality calculations to be of reasonsble accuracy,
it is essential to have data on the density of hydroxides at contem-
plated operating temperatures of 1500° F. Inasmuch as the only density
data avalleble are for liquid NaOH and KOH, end these have been messured
at relstively low temperstures (ref. 5}, the density of NaOH has been
experimentally determined herein for temperatures up to 1700° F. In
addition, the density of liquid RbOH has been measured experimentally
for temperatures up to 1550° F; the variation of demsity of RbOH with
temperature is teken to be representative of the heavier hydroxides.

Although RbOH is relatively rare, it eppears fraom experience wlth
the density measurements (described in sppendix B) thet it is very
similar to NaOH in stebllity characteristics. No evidence of boiling
was observed on heating RbOH to 1800° F.

SPECIFIC REACTORS

On the basis of the preliminary survey end from consideration of
relative neutron gbsorptivity and stability at high temperasture, the
hydroxides chosen as possible coolant moderators for the specific
reactors investigated are LiOE (enriched in Li7), NaOH, KOH, NaOH-
KOH eutectic, RbOH, Sr(OH)p, and Ba(OH)};. The hydroxides Mg(OH)p,

Ca(OH)5, A1(OH)z, and Zr(OH), have not been further considered
because of tke pressurization problem they introduce.
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No specification of fuel-element materials compatible, on the basis
of corrosion, with the hydroxides can be made at present; however, for
purposes of comparing the variocus hydroxides on the basis of criticality
requirements, reactor sizes and uranium investments initially have been
caomputed for homogeneous reflected reactors in which uranium is dis-
solved or suspended in the hydroxides. Two reactors which appeared
pramising were then recomputed lncorporating 8 percent by volume of iron
selected to be representative of a fuel-element material. This quan-
tity of material is sufficilently hlgh to provide for a fuel-element

design heving adequate heat-transfer surface for a reactor of ebout 3
300,000 kilowatts. H
Data on specific reactors consldered are presented in table ITI;
reactor composition and nuclear properties of the reactor materials
at an average tempersture of 1450° F are listed.
Densities of liquld hydroxides NaOH and KOH were taken from ref- R

erence 5 and for RbOH from measurements described in gppendix B. The

density of LiOH was estimated by essuming it to undergo the same per-

centaege change in volume ag NaOH in expsnding on melting and to have .
the same temperature coefficient on rising to 1450° F; the densities

of the heavier Sr(OH)o and Ba(OH)s were assumed to expand on melting

and heating in the ssme manner as RbOH (eppendix B). Data for eutectic

mixtures of NaOH and KOH were taken from reference 6. Neutron cross-

section date were teken from references 2, 7, and 8.

Eight hamogeneous reactors contalning only hydroxide and verying
guantities of urenium were investligated to compare the criticelity
requirements of these coolant moderators. The eutectic of NaOH and
KOH with a relatively low melting point of 364C F has operational
advantages in starting up reactor systems. Although the eutectic has
a composition of 0.528 NaOH - 0.472 KOH by volume, it is 0.613 NaOE -
0.387 KOH on an atomilc concentration basis and thus 1s not so unfa-
voreble absorptionwise as it may at first appear.

Two L1CH reactors are considered in which 90 and 98 percent,
respectively, of the highly absorptive Lif isotope have been removed.
With as much as 98 percent 1.16 removed, the thermal macroscopic ebsorp-
tion cross section of L10OH is about three times greater than that for
NaOH.

Reletive criticallty requirements of nomogeneous reactors with
the various hydroxldes are given by comparing the first eight reactors
in table II; total uranium investment required is dependent on the cir-
culating volume of moderator outside the reactor and excess reasctivity
requirements.
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For reactors in which ursnium is conteined in fuel elements, the
effect of neutron sbsorptivity of the fuel-element material on criti-
cality requirements has been evalusted for two cases: NaOH and NeOH-
KOH eutectic, each with 8 percent iron by volume.

A summary of the btwo-group theory constants for the specific resc-
tors considered is presented in table III. For each reactor, a suffi-
ciently wide range of H to U235 gtam ratlo R was covered in order to
ensure determination of a reactor size for minimum total uranium invest-
mepnt. Fully enriched uraniuvm is assumed to be uniformiy distributed
throughout the cores. The two-group core and reflector constante for
NaOH, KOH, and NaOH-KOH eutectic were computed by the procedure
described in the next sectlon. The itwo-group constants for RbOH, LiCH,
Ba(OE)s, and Sr(OH); were calculated by the methods described in appen-

dix C for gpproximate estimation of these constants.

Included 1n table III 1s the square root of the core material
buckling constant, ag, which is simply related to unreflected core

slzes of verious geometry (see ref. 9).

CRITICALITY CALCULATIORS

The reactor core is teken as & right circular cylinder of length-
diameter ratio of unity with fissionable material dissolved or suspended
in the hydroxide or conteined in suiteble fuel elements over which the
liquid hydroxide coolent flows. Reactor cores with fuel elements are
reflected by circulating hydroxide sround the core; homogeneous reactor
cores are assumed to be reflected by the equivalent of uranium-free
liquid hydroxide.

Two-group neutron diffusion theory was employed in the criticality
calculations. Sphericsgl geometry was used in the resctor calculations
and a transformation made t0 cylindrical geometry assuming the reflector
savings to remain the same. Reflector savings (defined as the differ-
ence between the unreflected and reflected reactor core radii) were
found to be relatively independent of core composition, insofar as
practical fuel and fuel-element material concentrations are concerned
(see ref. 1). The two-group equations were therefore solved for each
reflected core for a single uranium concentration corresponding closely
to that for minimum totael uranium investment; the reflector savings
thereby computed for a particular core-reflector ccmbination may be
directly applied to each core for the entlire range of uranlum concen-
tration investigated. Criticality requirements were therefore estab-
lished for each hydroxide-moderated and -reflected resctor without
actually solving the two-group equationes for all reflected reactors
considered.
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Of course, the two-group equations would have to be solved in
detall if flux and power distributions were required; however, these
are not the main concern here. For any of the reactors considered it
would be posslble to calculate almost any flux or power distribution
desired by nonuniform distribution of uranium (see ref. 10).

Derivation and method of solution of the two-group equations used
gre briefly reviewed in reference 1 as well as the detalled method for
evaluagtion of the two-group nuclear constants required.

Evaluation of Nuclear Constants

Validity of the two~-group procedure depends entirely on the cor-
rectness of the nuclear constants used to represent the various com-
peting nuclear processes. To reduce uncertainties 1n the application
of two-group theory, the procedure used in evaluating the two-group
constants was patterned,. as closely as possible, after that success-
fully used in reference 11 for small water-moderated resctors.

Procedures for evaluating the two-group constents, which should
lead to criticality results sufficiently accurate for englneering
evalustion, are briefly outlined as follows (a 1ist of symbols appears
in appendix A):

MR,f, Kf, Pth. ~ The fast constants XTR,f, Kf, and pth were

obtained by welghting local values according to the energy distribution
of neutron flux in an infinite medium of the seme composition as 1ndil-

cated by age theory. The fission spectrum was included in determining

the energy distribution.

sz. ~ Mean-square slowlng-down lengths were cslculated for hydrog-

enous mixtures by the method of reference 12 in which solutlons of the
transport equation for the second moment of the spatial distribution of
neutrons slowing down from a point source 1n an Infinite medium are
glven., It wes found 1n reference 12 that a relatively simple approxi-
mate formula for IZp (eq. (A3), ref. 12) based on mixtures of heavy

elements provides results in excellent agreement with those obtalned
by the laborious calculations required by the use of the rigorous for-
mule for hydrogenocus mixtures. This gpproximate solution was presently
applied to hydroxldes, wherever fest cross-section date were availgble,
to obtein L2y as a function of neutron energy. These values of IL2p

were then welghted over the flssion neutron spectrum to cobtain an aver-
age value of sz for the fast group. Velues so obtalned were cor-

rected to the experimentael wvslue of sz for water as described in
gppendix C of reference 1.

2902
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AR, tne - The average thermal transport meen free path Aqg ¢ 18

given by the sum of the contributions of each constituent stom, the
hydrogen atom being the lergest contributor. The effects of chemical
binding of the hydrogen atom to the molecule, however, significantly
alter its thermal scattering properties. The method of reference 13,
which checks experimentally determined thermsl diffusion properties

of water for a range of temperature, was therefore used on the assump-
tion thet the chemical binding energy of hydrogen in hydroxides is the
geme as that in water.

Keno thh' - The thermsl multiplication constant 1s calculated
from local velues of 2%, and 2Zp assumed to very with neutron energy
according to 1/v in the thermsl energy region; Zp,4n end Zp 4y ere

then obtained by weighting Zp and =g according to the flux of neu-

trons in a Mexwellian distribution corresponding to the moderator tem-
perature. The mean-square thermal diffusion length thh is given by

A
TR,th
Lh = g5t
th = B3 tn
The thermsl multiplication constent Kg, 18 glven by

v
2P th

Kth = ZA,th

Approximate Method for Evalusting Constants

In the use of the two-group method for enriched ursnium reactors
moderated by hydrogenous materisls and containing elements for which
there are large geps in or complete lack of cross-section date in the
fast energy region, it is necessary to devise and evaluate gquentitsiive
methods for estimating required parsmeters.

Based on semiempirical observations regarding the integrated two-
group constants for hydroxide-moderated reactors, it i1s possible to
estimate reasonsble values of the two-group constants without having
to resort to the time-consuming detailed integration procedures
referred to in the previous section and described in detail in sppen-
dix C of reference 1, A detalled description 1s presented in sppen-
dix C of the present report of the formilation of the procedures for
directly estimating the two-group constants end of the agreement
obtained with the deteiled integration procedures. It 1s shown that
although seven core parameters are requlred for two-group calculations,
there are three Independent variebles for any glven uranium
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concentration, namely XTR th XTR £y and ZA tn ‘that largely determine
the other parameters for hydrogencus reactors contelning 1/v gbsorbers.

Because of uncertainties in basic cross-section data and in hydrox-
ide densitles, and spproximations made In evaluating the two-group con-
stants, and because the two-group method of reactor enalysis 1s 1tself
an approximstion, the effects of arbltrary variations of +10 percent in
XTR,th: XTR,f, and ZA,th and resulting changes in the other dependent
two-group constants on criticality predictions have been determined.
These celculations snd results, discussed in appendlx D, are not
intended to evaluate probable errors but merely to l1llustrate the
relative senslitivlity of the criticallty results to a given percentage
change in core parameters.

RESULTS OF CRITICALITY CALCULATIONS
Core Uranium Investments

Comparative enriched uranium investment as a function of reflected
reactor core dlameter for esch hydroxlide homogenecus reactor is pre-
sented in figure 1. Reactor cores are cylinders of length-dlameter
ratio unity and average moderator temperature is 1450° F; cores are
reflected by O.5-~foot thickness of hydroxide of the seme composition
as the moderators

All the curves exhibit characteristic minimum core investments
obteined with core dlameters below 2 feet for all ceses except KCOH,
for which a core diameter of 3.0 feet i1s Indicated. Inasmuch as the
heat-transfer analysis of resctors with solld fuel elements made 1in
reference 1 indicated that NaCH reactor cores sbout 2.0 to 2.5 feet
in dlameter were required for anticipated total powers for alrcraft
propulsion, 1t is more likely that the lower core invesdtments indi-
cated for dlameters below 2 feet may be applicable for homogeneous
hydroxide-fuel reactors rather than for solid fuel-element reactors.
It is Indicated that such homogeneous systems mgy be made critical
with diameters of .gbout 1.2 feet for Sr(OH)s, 1.4 feet for Ba(OH)g,
1.6 feet for NaCH, and 1.7 feet for RbOH. Minimum lnvestments for
these reflected cores range from 7 to 13 pounds; total uranium invest-
ments are, of course, dependent on external circulating volumes and
excess reactivity requirements. Criticallty lnvestments for these
reactors are very closely the same for core diemetfers 1in the range
from 2.0 to 2.5 feet varylng from 14 to 22 pounds in the core.

2902
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In figure 1(b), it is observed that KOH requires large investments,
in excess of 115 pounds. However, the eutectic composition of NeOH and
KOH, which i1s 0.813 NaCE - 0.387 KOH on an atomic concentration basls,
requires a minimum investment of 30 pounds for core diameter of 2.0 feet.

Relative investments for LiCH, with 90 and 98 percent, respec-
tively, of the highly absorptive Lif isctope removed, are also presented
in figure 1(b). With removal of 98 percent of Ii6, a minimum investment
of 29 pounds is reguired for core diameter of 1.7 feet.

The effect of fuel-element materisl in s reactor, evaluated for the
NaOH and NaOH~KOH eutectic resctors, 1s presented in figure 2. A con-
centration of 8 percent by wvolume of iron, teken to be representative
of the fuel-element material, requires an increase In uranlum investment
of epproximately 50 percent over investments of similar reactors without
iron.

The results for NaOH reactor with 8 percent by volume of iron mey
be used to estimate the investments required for RbOH, Sr(OH)z, or

Ba(QH)o resctors inssmuch as homogeneous reactor investments for core

diameters of 2.0 to 2.5 feet are very nesrly the same (see fig. 1l(a)).
Reactors having a neutron sebsorptivity about equivalent to 8 percent
iron should therefore require epproximastely 25 to 35 pounds of
enriched uranium in the range of practical core diemeters of 2.0 to
2.5 feet.

Reflector Savings

- Variation of two-group reflector savings & for the various
reflectors consildered is presented in figure 3. Reflector savings
have been computed by the two-group method for cores in which the
moderator also serves as reflector.

Reflector thickness of 0.5 foot sppesrs to be a good compromise
between decreasing core size and increasing core plus reflector size
and effectively represents the saturated savings for most of the
reflectors considered. For thie.reason, vaelues of reflector savings
corresponding to 0.5-foot-thick reflectors were applied to the unre-
flected cores.

Reflector savings .are very closely equal to reflector thickness +
for thin reflectors. From simplified ome-group thermal comsiderstions
for a slab reactor (see ref. 9), 8 for thin refiectors is glven
approximately by
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XTR c
5= x—-i— t
TR

s

When moderator and reflector are the same materisl, XTR,c.= XTR,ri and

the result that & =t 1s to be expected. However, from preliminsry
two-group celculations with reflectors of different camposition from
the core moderstor, it has been found that transport mean free paths
of the fast group shotld be used in the foregoling relation to estimate
reflector savings for small velues of +t.

For relatlvely thick reflectors, reflector savings vary appreciably
and saturate out at different reflector thicknesses. The two-group sav-
ings for thick reflectors are dependent on the diffusion asnd sbsorptlon
parameters of both fast and thermsl groups. From simplified one-group
thermsl considerations for a slab reactor (see ref. 8), & for very
thick reflectors 1s glven approximately by

A
TR, c
D —2—
w—— Lin,r

where Lgh,r 1s the square root of the mean square diffusion distance

for thermal neutroms in the reflector. However, for the special case
of core moderator and reflector composed of the ssme material
(XTR,c = XTR,r)’ it appears that the saturated reflector savings for

the two-group diffusion plcture are glven gpproximately by the parallel
expression

2 2
5= NIL f,r + Loh,r = M

where M, 1is the migration length for neutrons in the reflector. The

excellent agreement between saturated reflector savings & as calculated

by the two-group method and the migration length M, for the hydroxide-

moderated and -reflected reactors comnsidered is given in the following
table:

Reflector-moderator sz,r: thh,r’ M., 5,

cmé eme em cm
NaOH 86.4 67.2 |12.392{12.38
KOH 225.0 51l.4 |16.62|16.61L
NaOH-KOR eutectic 127.0 54.9 [13.49]13.49
RbOH 100.0] 101.0 [14.18(13.64

LiOH (0.90 Li6 removed)| 91.0 6.7 | 9.88| 9.83
LioH (0.98 Li6 removed)| 91.0| 28.0 |10.91]10.93
Ba(OH)» 70.0| 47.9 [10.88]10.92

Sr(OH)g 50.0| 32.9 | 9.10| 9.1¢9

2902
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SUMMARY OF RESULTS

Various hydroxides have been screened for use in nuclear reactors
as posslble coolaent moderators for operation at temperatures of about
1500° F. Hydroxides which sppear stsble at a pressure of about 1 atmos-
phere are N=OH, KOH, RbOH, LiOH, Ba(OH),, and Sr(OH),.

Reflected reactors using the hydroxides have been compared on the
basls of enriched uranium investments in order to indicate order of
merit. Criticality requirements have been celculated by two-group
methods with no allowance for fuel burnup, reactor polsoning, or con-
trol requirements.

Minimm core investments are obtelned with reflected square cylin-
dricel cores of diameters below 2 feet for all cases except KOH. Mini-
rmum enriched uranium investments and corresponding core diameter for
homogeneous reasctors reflected by 0.5 foot of moderator are listed in
the following table. Total uranium investments are, of course, depend-
ent on externsl circulating volumes and excess reactiviiy requlirements.

Coolant-moderator fuel-carrier| Minimum Reactor
uranium core
investment, | dlameter,
1b £t
sr(OH)z2 7 1.2
Ba(OH)2 10 1.4
N=aOH iz 1.6
RbOH 13 1.7
LiOH (0.98 Li® removed) 29 1.7
N2OH-KOH eutectic 30 2.0
KCH 1i5 3.0
LioH (0.90 Ii® removed) 130 1.9

Incorporation of 8 percent by volume of iron to represent solid
fuel elements 1s celculated to incresse uranium investments by ebout
50 percent for the NaOB and NaOH-KOH eutectic reactors for core diame-
ters greater than those corresponding to minimum urenium investment.
Approximstely the same increase due to the presence of fuel-element
materiel equivalent to 8 percent by volume of iron is estimated to
apply to all the hydroxides considered.

For reactors moderated by NaOH, RbOH, Ba(OH),, and Sr(OH); and

containing the equivalent of 8 percent by volume of iron, cores of
diameter 2.0 to 2.5 feet reflected by 0.5 foot of moderator are
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estimated to require enriched uranium investments from 25 to 35 pounds.
(These core diemeters are considered practical with respect to heat
transfer for reactor heat releases of the order of 300,000 kw.)

Lewls Flight Propulsion Leboratory :
Rational Advisory Committee for Aercneutics
Cleveland, Ohio, July 1, 1953

2902
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APPENDIX A
SYMBOLS
E neutron energy
K neutron multiplication constant
sz mean square slowing-down distance for fast neutrons
L2, mean square diffusion distance for thermal neutrons
M2 migration area, (I2p + L2y )
i) reactor atom density
Ptn resonence escgpe probabllity
R atom ratio of hydrogen to urasnium 235
T temperature, °F
t reflector thickness
v neutron velocity
o) square root of core buckling constant
& reflector savings
AR macroscopic transport mesn free path
v neutrons produced per fisslon
E average logarithmic energy loss per collision
moderator density
% macroscopic cross sectlion
o microscopic cross section
Subscripts:
A absorption

[

core
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th

fission

fast neutron group
reflector

scattering

thermal neutron group

transport

NACA RM ES3F30
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APPENDIX B

EXPERIMENTAL DENSITY DETERMINATION

The dehsities of liquid NaOH and EbOH were messured for tempera-~
tures up to 1700° F. The loss of weight due to buoyancy of cylindrical
nickel plummets of approximastely S5-cubic-centimeter displacement, sus-
pended in molten hydroxide by nickel wire, wes measured by a precision
beam belence. The hydroxides were contained in a cylindrical nickel
crucible and were greduslly heasted in = tube furnace controlled by a
Varisc.

Temperatures were measured by two chromel-aslumel thermocouples
spot-welded to the outer wall of the crucible and connected to & direct-
reading potenticmeter. Temperatures were alsc checked by directly
immersing a thermocouple into the hydroxide; all temperstures generally
agreed within 20° F.

The volume of the nickel plummet for each tempersture was corrected
for volumetric expansion; this correction is sbout S percent at 1800° F.

Chemical anslyslis of the hydroxlides used indicsted the following
initigl composition in percent by weight.

N=zOH . . . . . . 97.6 RbOH . . . . . . 90.4
N&zCOS « o ¢ o & 0.3 szCOs s « & = 2.1
HO ... . .. 2.1 HO .. . . ..« 7.5

NaOH. - The density measurements for NeOH in the temperature range
12500 o 1700° F are presented in flgure 4. The density data of refer-
ence 5 measured in the low temperature reglon are also indiceted. The
present date confirm the trend with temperature. The eguation of the
straight line shown is

p = 1.945 - 0.000263 T
where p is in grams per cubic cenbimeter and T in °F.

White vapors were cbserved leaving the crucible during the tests.
When the nickel crucible was washed out, a considerable mmber of small
black crystals were formed during the cooling period of sbout ten hours;
they would not have Interfered with the density measurements which were
campleted during s heating time of about two hours. Loss of welght due
to corrosion of the nickel plummet was negligible during the tests.
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RbOE. - The densilty measurements for RbOH are presented 1n figure -
5. The data for two sets of measurements on successive days are given.
For the first set, the RbOH was found to melt gradually in the tempera-
ture range 400° to 500° F. Density measurements from 500° to 3000 F
exhibited the reversal shown, which 1s attributed to the change in prop-
erties encountered in driving off wster from the partly hydrated RbOH.
Fram 900° to 1550° F, the dengity variation with temperature was linear.

During the second set of measurements, the hydroxide was observed
to melt at a temperature above 700° F. Density measurements in the
range 750° to 1250° F were in sgreement with the linear portion of the
first set of measurements, Indicating no further chenges 1n composition.

2902

The equetion of the straight line is shown
p = 3.126 - 0.000434 T

White vapors were observed leaving the cruclble at temperatures
above 900° F. The nickel wire supporting the plummet falled at a melt
temperature of about 1650° F. The melt was further heated to about .
1800° F at which temperature the thermocouples failed. No unusual
vapors or evidences of bolling were observed at these temperatures and
the melt was light yellow and similer in appearsnce to NaOH at these
temperatures. Stabillity characteristics of RbOH therefore sppesr simi-
lar to those of NaOH. Small black crystels were found when the crucible
was washed out.

The melting point of the dehydrated RbOH selt used is more accu-
rately determined by the cooling curve shown in figure 6. The tran-
sltion is obgerved to occur at 722° F. This value disagrees with a
melting point of 572° F for RbOH reported in reference 6. The cooling
curves presented ln reference 6 lndicate the highest temperature of
the melt used to be about 700° F. If the RbOH sample used were partly
hydrated to begin wilth, the experience with the present density meas-
urements would indicate that a lower melting point is to be expected.
The partly hydrated RbOH melted at slightly above 500° F, but was not
completely dehydrated until heated above 900° F in the present tests.

The specific gravity of solid RbCH used was messured to be 3.000
in comparison to the wvalue of 3.203 repcrted in reference 6.
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APPENDIX C

APPROXTMATE METHOD OF EVALUATING TWO-~GROUP CONSTANTS

In the use of the two-group method for calculeting enriched ura-
nium resctors moderated by hydrogenous materiasls, 1t is necessary to
devise methods for approximating two-group constents for reactors con-
taining materials for which there are gaps in cross-section data or
for which data are completely lacking in the fast energy region.

The constants reguired for solution of the two-group equations are
ordinarily separately evaluated for each core and reflector composition.
The thermael parameters required are

2
MR, ths Kghe L%n
The fast parameters required are
Pthy Ke» sz’ xTR,f

Evalustion of these sverage group constants by the procedures
briefly mentioned earlier and described in detail in reference 1 hsve
led to semiempirical methods of estimsting the two-group constants for
hydrogenous reactors which avoid the rather lengthy numericsl calcula-
tions ordinarily reguired. It will be shown that although seven core
parameters are requlred for two-group calculations, there are three
independent varisbles for any given urasnium concentration, namely
XTR,thJ XTR,f’ and ZA,th’ that largely determine the other parameters

for hydrogenous resctors contalning l/v absorbers. Furthermore, the
accuracy with which all of the two-~group constants msy be directly
evaluated is within a few percent of the values obtained by the numer-
ical methods. All wvalues, of course, are subject to the broad assump-
tions and limitations inherent in the two-group diffusion procedure of
reactor anslysis.

A . = The method of ref 13 for estimat the effect of
TR,th method of referehce es ing e € ct o

chemicel binding of hydrogen to the molecule on thermal neutron diffu-
glon in & hydrogenous medium is used to evaluste 'KTR,th‘ By this

method experimentel values of thermal diffusion length for water have
been checked for temperatures up to 600° F.

H
The contribution to lTR,th which is due to the hydrogen gy
is given by
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1
AmRE =
TR H = R
N~ ogg

This relation permits the determination of an effective value of
microscoplec transport cross sectlon ETRE for hydrogen. Under the

assumption that the chemical binding of hydrogen in eny hydroxide med-
erator 1s essentlally the seme as that In water, E&RH mey be uniquely

determined for any moderator temperature. The variation of UTpgH with

temperature as determined from the thermal diffusion properties of water
and the method of reference 13 is presented in figure 7.

The value of )LTR,th, for all constituents of the reactor is then

given by

1
RE GrpE + Nijomg,1 + Npoqpgp 2 + - « - + NnUTR,n

AR, th

Inasmach as GTR,n for all other reactor constituents are direetly
calculeble.

Ktns thh' - The remaining thermel parameters, Kij; and thh’ are
directly calculable from their definitions.

. ZF,tn . Zp,(0.025)
Kb =Y 5°%n = ¥ 5k, (0.025)

with assumption of l/v varlation of uranium shsorption and fission
crosg sections in the thermal reglon.

2 _ 1MmR,th
M =3 Zp,th
where ZA,th is the wvalue of absorption cross sectlon for =11 reactor
constituents averaged over the Maxwellien distribution of neutron £lux.
For ebsorption cross sections which follow the l/v law, the wvalue of
ZA,th is exectly 4/5/2 or 0.886 of the sbsorption cross section cor-
responding to the neutron flux at the most probable energy to which it
1s customaery to refer measured cross sectioms.

P¢pe - The so-called resonsnce escape probabllity pyy for highly
enriched urenium resctors containing absorbers which effectively follow

2902
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the l/v lew is not completely a messure of resonance sbsorption as
such, but principally a measure of absorption which occurs becsuse the
l/v camponent extends into the region Jjust ebove thermsl energiles.

The probability that a neutron will escape capbture in slowing down
from birth energy Eg to thermal energy Efy, In Infinite hydrogenous

moderators containing hesvy ebsorbers 1s given by equation 6.88.1 of
reference 9

Eo
5, dE
Pgp = X2 |- (Ear2gJE
Eth

This equation can be evaluated for l/v gbsorbers to provide pth
as an expliecit function of certain thermal parsmeters.

For medlas contalning gpprecisble amounts of hydrogen, almost all
n2utron moderation is due to hydrogen. Also, for a considersble range
of sbsorptivity, the quantity (Z3+5g)} can be spproximated by Zg.

(For the most sbsorptive reactor considered, the value of 3 was
about 10 percent of ZS; this percentage would Ilncrease slightly for
therms]l energies corresponding to temperstures lower than 1450° F.)

Inasmuch as ZSH comprises more than 95 percent of the total scat-
tering for hydroxide resctors, the quantity g 1is closely given by

Zg~ gl = N Gl

where ESH is an effective constant value for the epithermal region.

If all reactor sbsorbers are assumed to follow the 1/v law in this
region, the expression for py,, therefore becames

f\Eo 7]
1
_ ~ 3p,0.025(0.025)2 dE
Pth = €Xp |- NE ogE E3/2
VEth
N
- exp |- ZZA,0.025 (0.025)2 - exp [- Zyth
NE ogE \ Eth / | NE GgE
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Only energies 1n the neighborhood of E4p contribute significantly to
the integral.

For convenience, the parameter Kip 1ise Introduced as follows:

Koy = vZ'r,tn _ vZUr,0.025
h = A, th ZA,0.025

Therefore

=
2

UU
avN"6"p 0,025 (0.025
Pth = exp

Kin NE 6gHE \ Eth

For a range of thermsl energles of interest, corresponding to aver-
age moderator temperatures from 1000° to 2000° F, a value of 0g of 25

barns provides very good agreement with values of pgp obtained by
numerlcal integration so that the expression for pip becames
1 1

oer = exp |- gz)gz.s%(aﬂ‘s) (0.025)2 - exp |- 5292 (0.025)2
*h KenR(25 Etp KeeR \ Egpn

which for the thermal energy of 0.092 electron volts corresponding to
a temperature of 1450° F becomes simply

Py = & 57/K¢nR

A comparison of pyj; camputed by the foregoing equations and by

detailed numerical Integration 1s shown In figure 8 for various average
moderator temperatures for two NaOH-U mixtures and In figure 9 as a
function of Ky for various reactors at 1450° F.

Kf. - The average fast multiplication constent Kgf, given by

vZ;
—EE%, would be equal to K¢y Aif all neutron sbsorbers strictly fol-

2
lowed the 1/v law. However, uranium exhibits fission and absorption
cross sections which depart fram the 1/v law in the resonance region.
Although deviations from l/v variation do not contribute on the aver-
age to Ppip, they do affect the ratio of productlve to nonproductive

absorption in U235 and so affect Kp.

2902
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For reactors of practical interest, numerical values of Kiy vary

from 1.0 to 2.0. The lower value corresponds to large thermsl reactors
for which uranium is proportionally e smasll absorber; the higher value
corresponds to intermedigte resctors for which uranium is proportionally
& large sbsorber. The maximum value Xt mey have is 2.11 for a mix-

ture of uranium and nonsbsorptive material.

Inasmuch as uranium cross sectlons in the fast energy regilon
exhibit many resonances, velues of Ky can be determined only by

numerical integration. However, once determined, Kf may be corre-
lated with Xtp for resctors in which fast production is in the epi-
thermal regilon. The variation of Xp wilth K for all the reactors
of reference 1 and present data for KOH and RaCOH-KOH eutectlc are shown
in figure 10. For these reactors Kp has been nmumericelly evalusted
by weilghting both ZF,f and ZA,f sccording to the neutron flux in an
Infinite medium of the same composition a&s the resctor of interest. A1l
the data fall on a singie curve; the higher values for Kp are progres-
sively smaller than K because of the Inecreasing fraction of nonpro-
ductive absorption in uranium in the eplthermal region. Figure 10
therefore serves to ldentify an appropriste value of Ky +to be employed
with any value of Kip for reactors in which the greatest contribution
to K¢ 1s in the epithermel reglon and not in the very fast region.

AqR,p- - The fast transport mean free path X‘JIR,..‘.‘ hss usually been

evaluated by weighting local energy values by the flux in an infinite
medium and averaging ¢ver the entire fast regionm.

It has, been found possible to estimate directly the average values
of )‘TR,:E' calculated by the foregoing procedure 1f sverage values of

0g for the reactor constituents in the region of 0.1-0.5 MEV are used.
For example, values of GTg for the elements presently under considera-
tion, llsted 1n the following table, permit estimetion of }”ER,f to

within a few percent of the values obtained by the detalled integration
over the fest region. This simple estimate is well within the accuracy
of the two-group method.
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Atom| Average fast
scattering

cross sectlon,
GS,
barns
H 12.0
0 3.5
Na 4.0
K 1.5
Rb 10.5
Li 1.5
Ba 6.0
Sr 8.0
Fe 3.5
Ni 6.0
Zr 7.0
Al 3.5

sz. - The mean square slowlng down length sz for hydrogenocus

infinite media is, in the absence of specific experimental informstion,
best estimated by the method of reference 12. These calculated wvalues
are corrected to the available experimental informstion for water sas
described In reference 1. The method of reference 12, however, can be
applied only when cross-sectlon data I1n the fission energy reglon are
Imown.

Of the elements under comsideration, H, O, Na, Ba, and Fe are the
only ones for which fast cross-sectlion date are known. Only thermal
data or very spasrse fast data are available for K, Rb, Li7, and Sr.

It 1s therefore necessary to assume values for missing fast dats and
employ the method of reference 12 or make use of exlsting calculated
12; data for various metal-water mixtures such as Zr-HpO (ref. 14},

or Al-HpO (ref. 15), or Ni-HzO (unpublished data)}. According to ref-

erence 12, slowlng down in s hydrogenous medium depends on the density
of hydrogen nuclei and on the scattering of heavy nuclel relative to
the scattering of hydrogen muiclei.

Inasmuch as less than 5 percent of the slowing down is due to the
metal snd oxygen in these metal-water mixtures and the remsinder due
to hydrogen, the actuel composition of the heavy elements in itself
is not lmportent. The heavy elements are accounted for by their scat-
tering properties relatlive to those of hydrogen. On this basis it
should be possible to correlate the existing calculated values of sz

for mixtures having a value of atomic density of hydrogen nuclel equal
to that in a reference mixture (in water of unit density, for exsmple)
wlth a relative scattering ratio

2902
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nEeavy ESHeavy _ ZSHeavy
H = - H
N O'S zs

Average values of og in the reglon of 0.1-0.5 MEV (as employed in

the foregoing section to estimmte lm’f) for all elements of present
interest are listed in the table in the foregoing section. The relative
scattering ratio IZgHeavy/S.H and the calculated values of I2¢

adjusted to s reference hydrogen atomic density of 0.0668X1.084 (water of
unit density) for each of the mixtures calculated by the method of ref-
erence 12 gre listed in table IV.

The varietion of adjusted mean square slowing down length

H \2
P H—f ) with ZgH®8VY/5.E 15 presented in figure 11. Also

ef
Inecluded in figure 11 are the data for NaOH, NaCOH-KOH eutectic, KOH,
Ba(OH),, NeOE and eutectic with iron mixtures calculated in the present

report, end the NaOH mixtures celculsated in reference 1.

L2

A reasonsble correlation is obtained. This curve was used to estl-
mate the value of sz for RbOH in the following way. The value of

reletive scattering ratio for RbOH is
Heavy H—=Rb , = 0
%g _¥ (Tg™ + 557) _ 0.0147 (10.5 + 3.5)

ZSH M F.E 0.0147 (12)

= 1.17

s0 that
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APPENDIX D

EFFECTS OF ARBITRARY VARTATION IN TWO-GROUP CONSTANIS
ON CRITICALITY PREDICTIONS

It would be instructive to see the effects of an arbltrary vari-
gtion in the two-group constants on criticality predictions inasmuch
a8 the two-group constants and procedure-are subJect to errors due to
lack of basic nuclear date, spproximeations in determining average group
constants, uncertain moderator densities at high temperature, and neg-
lect of resonance sbsorption and inelastic scattering, and because the
two-group method of reactor anelysis ls itself an epproximation. These
calculations are not intended to evaluate probable errors but merely to
1ilustrate the relative sensitivity of the criticality results to a
glven percentage change in core paremeters.

From the procedures for rapidly estimating the two-group constants
(appendix C), it may be observed that although there are seven core
parameters, there are three independent varisbles for any glven uranium
concentration which may introduce uncertainty. These are ATR,th,

XTR,f’ and ZA,thi the other parameters are effectively functions of
these three for the hydrogenous reactors comsidered.

Arblitrary and sepsrate increments of 10 percent in each of the
parameters and in moderator density have been taken for the homogeneous
NaOH reactor. The results are presented 1n figure 12 in which enriched
uranium investment is presented as a functlon of reflected reactor core
diameter. The curves are designated by plus or minus signs to lndicate
a +£10 percent increment in the particular parameter. Reflector savings
for 0.5-foot thlcknese of NaOH are mainteined for sll cases.

The l1O-percent change in"XTR,th and the corresponding change 1in
thh are seen to have a negligible effect on the criticalilty
requirements.

A 10-percent change in XTR,f: effecting spproximately a 20-percent
change in the same direction for sz due to change 1n ZS also, has a

significant effect on criticality requirements, causing about a 50-
percent change in the minimum investment and altering its position
slightly. In the core size region of interest (dlameters of 2.0 to
2.5 ft), investments are altered by about 20 percent.
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Finglly, a 10-percent increase in zA,th which, for i1llustration

purposes, ls ettributed to uncertainties in the absorption cross sec-
tions but not in the fission cross sectlon of uranium, effects a 10-
percent decrease in Ky and corresponding decreases in Kp, Pgy, and

thh' This results in a change in criticelity lnvestment of approxi-
mately 30 percent for core diameters of 2.0 to 2.5 feet.

Another pertinent case to consider is the change in criticality
resulting from uncertainties in moderator demsity. Although densities
for NaOH, KOH, and RbOH gre sccurately known from experimental deter-
mination, densities of LiOH, Sr(OH)», and Ba(OH)5 have had to be

estimated.

Therefore, a lO-percent decrease in moderator density for homoge-
neous reactors, which lincreases XEER,f and XEER,th by 10 percent snd

increamses L2y and L2y by sbout 20 percent, has been arbitrarily
selected. The parameters pyp, Ke, and Ki do not change at all

slnce they are dependent on miecroscopic cross sections only. Invest-
ments are seen to be affected approximately 20 percent for core diame-
ters of 2.0 to 2.5 feet, for change in density of +10 percent.
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TABIE I.

- PROPERTIES OF HYDROZIDES

T dUpea

[Nuclear data based on solid hydroxide at room temperature]

Hydroxide| Specific| Molecules Thermal Macroscoplc I, |Melting| Boiling Vapor or
gravity] per cc crosa crogs Feog| Polnt, point, |disaocclatlon
(sclid) gection pection |Zp Op Cp pressure at
05(0.025 ev),|Z,(0.025 ev), .1500° F,
barns o™ mm Heg
1170H 1.430 | 0.0360%1.084 0,35 0.0126 0.50 | 842 |Dismociates 300
Li10H 1.430 | .0360 67.22 2.420 95,6 B42 |Dissoclates 300
NaCH 2.130 | 0321 .79 0253 1.00 605 2535 5
KOH 2.044 .0220 2.37 .0522 2.06 680 2410 7
RbOH 35.203 .0188 1.02 .0192 .76 572 >1800
Mg(OH)2 2.380 | .0246 . 70 0172 .68 662 |Dlsmoclates| ~ 500,000
Ca (0H), 2.343 | .0191 1.0 0201 .79 | 1078 |Dlsmociates 30,000
Sr (OE)Z 5,825 .0180 1.80 .0324 1.28 707 |Dleeociates 1,000
Ba(OH)z «+ 4,500 | .0088 1.69 .0145 57 173 1436 ' 130
Al(OH)S 2.423 .0187 1.18 0221 .87 572 |Diesoclates )106
Zr{0H)4 3.250 | .0123 1.50 .0184 .73 | 1022 |Diseociatés| ~ 30,000

CEAESSH T8I VIOVN

22
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TABLE II. - SPECIFIC REACTCR COMPOSITIONS AND NUCLEAR PROPERTIES OF MATERTALS

(a) Reactor compositioms.

Reactor composition Moderator density®
by volume
cc{Molecul
(exclusive of T299) &/ scules/co
1.00 NaOH 1.57| 0.02360x1024
1.00 KOH 1.55| .01665
0.528 NaOH + 0.472 KOH (eutectic)| 1.56| .02033
1.00 RbOE - 2.50] .01470
1.00 L1OH (0.90 Li€ removed) 1.04| .02630
1.00 LiOH (0.98 Li® removed) 1.04| .02630
1.00 8r(CH)j 3.08| .01524
1.00 Ba(OH)s 3.67| .01289
0.92 NaOH + 0.08 Fe 1.57 .02360
0.92 NaOH-KCH eutectic + 0.08 Fe | 1.56] .02033

aDen.si‘bies are for liguid hydroxide at average tem-
perature of 1450° F.

(b) Nuclear properties.

Atom Thermal neutron cross sectlons,2
barns
Absorption, O 4 |Scattering, og
Na 0.24 3.0
K 1.02 1.5
Rb 37 12.0
Li (0.90 L1 removed) 3.55 1.4
L1 (0.98 116 removed) .72 1.4
Sr .58 10
Ba .58 8
0 .0005 3.9
B .17 (fig. 5)
Fo 1.24 10.9
U 299 12.0
250 (o)

8Thermal energy Ei, = 0.092 e¥ corresponding to .& I

average temperature of 1450° F.
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TABLE IIT. - TWO GROUP THEORY REACTOR CONSTANTS

29

(a) cores.
Core R < Mg p|Mm,tn] Pr | L8| Ke| Ken | Pen | %
camposition w (em)| (em) | (cm@)| (cm?) 1
by &
volume
1.00 NaOH 50 3.84| 1.74 | 89.2] 4.30|1.750|1.9610.549]|0.0962
500 27.61(1.213}1.247| .917| .0453
1.00 KOH 50 7.12| 2.72 |228.0f 8.58;1.615|1.749| .543| .0540
100 14.72( 1.440(1.501| .700| .0446
200 22.920 1.160| 1.169] .800| .0258
0.528 NaOH 50 5.02( 2.09 |(130.1| 5.78/1.708|1.873| .560| .0767
+ 0.472 KOH 200 17.55|1.362| 1.422| .827| .0524
(eutectic mixture)| 400 26.58|1.077}1.096 | .885| .0226
1.00 RoOH 100 3.80| 2.10 |102.5/15.24{1.638{1.778| .726| .0783
200 26.48|1.466/1.544 | .831| .0631
400 41.941.200(1.223( .890| .0389
1.00 LiOH 20 4.511 1.7¢ | 92.7| 1.33|1.568|1.680| .183| .0795
(0.90 116 removed)| 50 2.5611.260]1.293| .414| .0539
80 3.34[{1.047}1.052| .508] .0228
1.00 LioH 80 4.51] 1.74 | 92.7| 4.23/1.638/1.779| .586 | .0862
(0.98 Li® removed)| 100 6.41}1.520{1.615]| .703| .0767
300 13.16/1.100|2.108| .843| .0319
1.00 Ba(OH)p 50 3.75| 1.56 | 71.8| 3.12|1.735(/1.936| .555 .1064
200 10.23] 1..495|1.586 | .835| .0823
500 18.78|1.145|1.164| .907 | .0424
1.00 sr(CH)z2 50 2.78| 1.27 | 51.0f 2.15/1.735[{1.936{ .553] .1261
200 7.04|1.495|1.586 | .835}| .0978
500 12.93;1.150{1.164| .907 | .0504
0.92 NaCH + 0.08 Fe 50 3.75| 1.74 | 90.0| 4.45/1.682|1.844| .539] .0904
150 10.80] 1.422|1.492| .783 1} .0684
300 16.78|1.145|1.160| .849 | .0385
0.92 eutectic 50 4.80} 2.37 |128.5| 6.64|1.621|1.755| .543 | .0718
+ 0.08 Fe 100 11.49|1.442{1.510{ .70L | .0591
200 18.01}1.173|1.181| .801 | .0352
{b) Reflectors.
Reflector M,z MR, thf L% | Dtn| Pen
material ’ ?

NaOH 3.82| 1.73 | 86.4| 67.210.970

KOH 7.08| 2.7 |225.0| 51.4| .917

NeOH-KOH eutectic 5.00) 2.10 |127.0} 54.9| .950

- RbOH 3.80] 2.10 1100.0[101.0| .964

- I.10H 4,51 1.74 | 91.0{ 86.7[ .770

: (0.90 1i6 removed)
. LiCH 4.51( 1.74 | 91.0f 28.0| .940
(0.98 116 removed )

Ba(OH)2 3.75] 1.56 | 70.0| 47.9] .963

sr(CH}p 2.78| 1.27 | 50.0| 32.9| .968 =;;EE§;S:;7
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30
TABLE IV. - CALCULATED VALUES OF sz FOR
VARIQUS METAIL-WATER MIXTURES qciggg;?,
Moderator composition ng* Reference steavy 1.2 Ni 2
(volume) (cm2) sl f N er.

1.00 H20 33.0 10 0.146 33.0

0.333 Zr + 0.667 H20 44 .6 15 .340 19.8

0.500 Zr + 0.3500 Hz20 57.3 15 .521 14.3

0.667 Zr + 0.333 Hz0 82.5 15 .898 9.2

0.333 Al + 0.667 Hz0 52.2 16 .278 23.2

0.500 Al + 0.500 H20 74.0 16 .409 18.5

0.667 Al + 0.333 H20 95.5 16 .673 10.6

0.200 N1 + 0.800 Hx0 33.9 Unpub. .316 21.7

0.500 Ni + 0.500 Hx0 41.0 Unpub. .829 10.2

1.00 RaCH 89.2| Present .625 11.2
report

1.00 KOH 228.0| PBresent .459 l4.2
report

0.528 NaOH + 0.472 KOCH 130.1| Present .561 12.8
report

1.00 Ba(OH)2 71.6| Present| .542 15.3
report

0.92 NeCH + 0.08 Fe 90.0 Present .716 9.5
report

0.92 NeQH-KOH + 0.08 Fe 128.5| Present .611 13.5
report

0.90 NaQH + 0.10 Na 104.9 1 .656 10.6

0.82 NaOH + 0.10 Na + 0.08 Fe|l05.8 1 .761 8.9

0.82 NaOH + 0.10 Na + 0.08 Ni[l02.0 1 .847 8.6

*Calculated values of sz corrected to agree with experimental
value of 33 sq cm for pure Ho0 of unit density (see refs.).
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